Unstimulated human T lymphocytes are exquisitely sensitive to UVB irradiation. This hypersensitivity appears to relate to low deoxyribonucleotide pool sizes. They have also been reported to be defective in global excision of cyclobutane pyrimidine dimers, but such experiments may have been carried out at supralethal doses, where unrepaired excision breaks persist indefinitely. We use a T4 endonuclease Comet assay to show that removal of cyclobutane pyrimidine dimers is defective in the unstimulated mononuclear cell fraction (mainly T lymphocytes) even at sublethal fluences from an FS20 broad spectrum UVB lamp. Moreover, removal is not enhanced by addition of deoxyribonucleosides to the medium. Cells which are failing to remove cyclobutane pyrimidine dimers readily form fresh incision breaks in response to a second UVB fluence, indicating that they retain repair capacity and suggesting that removal of types of damage other than cyclobutane pyrimidine dimers is effective.
Introduction
Ultraviolet B (UVB) radiation is probably the most important immunosuppressive agent to which the human population is regularly exposed. It suppresses contact and delayed hypersensitivity, both locally and systemically (Kripke, 1994; Cooper, 1996) and has been used in experimental systems to prevent graft versus host disease (Pepino et al, 1989; Hudson et al, 1994) . This form of immunosuppression appears to relate to preferential inactivation of T lymphocytes. It has previously been shown that immunocompetent cells exposed briefly to ultraviolet (UV) light no longer respond to mitogenic stimulation (Lindahl-Kiessling and Safwenberg, 1971 ) and appear more sensitive than haematopoetic cells (Deeg et al, 1989) , particularly to UVB rather than UVC irradiation. The exceptional sensitivity of unstimulated T lymphocytes to UVB irradiation has also been demonstrated in a clonogenic assay (Arlett et al., 1993) and relates to a deficiency in the rejoining of strand breaks formed during excision repair of UV damage (Yew and Johnson, 1979; Green et al, 1992) . Unstimulated lymphocytes have low deoxyribonucleotide pools (MunchPetersen et al., 1973) and survival is enhanced by the addition of deoxyribonucleosides to the medium (Yew and Johnson, 1979; Green et al, 1994) . The reason that T lymphocytes show greater relative sensitivity to UVB rather than UVC radiation is that the UVB sources used produce a higher proportion of rapidly excised 6-4 photoproduct and Dewar isomer relative to the cyclobutane pyrimidine dimer (CPD) (Clingen et al, 1995; Green et al, 1996b) . CPDs are poorly excised in non-cycling human T lymphocytes (Freeman and Ryan, 1988; Barret et al, 1995; Bartosova et al, 1996) , so that they will play a lesser role in depleting deoxyribonucleotide pools.
The hypersensitivity of unstimulated human T lymphocytes to UV irradiation means that it was possible that the apparent lack of repair of CPDs was because experiments had been performed at supralethal doses. For example, Klaude et al. (1995) have used an alkali unwinding assay to measure removal of CPDs from rodent cells following very low fluences of UVC. In these cells repair of CPDs is inefficient after high doses of UVC, but after low doses they have shown that removal is as effective as in human fibroblasts. By using a repair enzyme modification (Collins et al, 1993) of the Comet assay (Singh et al, 1988) in conjunction with T4 endonuclease V it is now possible to measure levels of CPDs in mammalian cells following UVC fluences as low as 0.025 J/m 2 (Woollons et al, 1997) . In order to investigate the relationship of CPD repair to UVB hypersensitivity of unstimulated T lymphocytes we set out to determine: (i) whether there was efficient removal of CPDs in these cells following very low, non-lethal UVB fluences; (ii) if not, whether the rate of removal of CPDs was increased in the presence of deoxyribonucleosides.
Materials and methods

Cells and culture conditions
Peripheral blood samples were obtained with informed consent from three male non-smoking normal subjects aged 56 (subject 7), 62 (subject 42) and 30 (subject 701). Mononuclear cells were Ficoll separated and preserved according to our previously described procedures (Cole et al, 1988) . Aliquots of cryopreserved cells were thawed and incubated in RPMI 1640 medium (HEPES buffered, Dutch Modification; Gibco) supplemented with 10% pooled normal human AB serum (National Blood Transfusion Service, Colindale, London, UK), 200 U/ml penicillin (Life Technologies, Paisley, UK), 200 \l%l ml streptomycin (Life Technologies), 2 mM glutamine (Life Technologies) and 200 ng/ml sodium pyruvate (Sigma, Poole, UK). Cells were incubated at least overnight and for not more than 48 h before use. No mitogen, feeder layer or interleukin-2 were added. The cells used in the measurement of damage were the mononuclear fraction, consisting predominantly of T lymphocytes (60-70%), with -10% B lymphocytes and the balance consisting largely of monocytes/macrophages. Although all cells in this population do not necessarily respond equally to UVB, we have not, to date, seen evidence of differences in response between cell types. Where indicated deoxyribonucleosides (deoxyadenosine, deoxyguanosine, deoxycytidine and thymidine) were added, each at 10 (iM. Deoxyribonucleosides were not present during irradiation.
In Figure 3 quiescent normal human primary fibroblasts were used as a control. Cell strain 1BR.3 was cultured as previously described (Woollons etal, 1997) .
UVB irradiation
Cells were suspended in Dulbecco 'A' phosphate-buffered saline (Oxoid, Basingstoke, UK) and UVB irradiated by a bank of four Westinghouse FS20 lamps through the bottom of a bacteriological grade 5 cm Nunclon (Roskilde, Denmark) Petri dish. The spectral output and photoproduct yield of these lamps have been described previously (Clingen et al, 1995 The type of UVB source and the filtering system used are of critical importance in defining the yield and proportions of photoproducts and, for the purpose of this paper, UVB is defined as irradiation as performed above
Comet assay
In a standard experiment cells were irradiated, then resuspended in culture medium in the presence or absence of deoxyribonucleosides (10 |iM each, deoxyadenosine, deoxyguanosine, deoxycytidine and thymidine). At different times after irradiation samples were embedded in an upper agar layer on a frosted microscope slide and a Comet assay (Singh et al., 1988; Green et al., 1996a) performed.
To detect the number of CPDs present the repair enzyme assay of Collins et al. (1993) was used as described previously (Woollons el al., 1997) , with incubation for 60 min in the presence of a saturating level of a T4 endonuclease V preparation (kindly provided by Dr D.Yarosh). In a standard experiment duplicate slides were prepared and 50 Comets scored for each treatment.
For Figures 3 and 4 mean Comet length was determined using a Casys system (Synoptics, Cambridge, UK) In Figure 1 ~200 cells/treatment per experiment were arbitrarily classified as heavily damaged or not heavily damaged (see Figure 2) .
Unless otherwise stated, results are pooled and based on at least two independent experiments on cells of two separate subjects. No apparent differences between subjects were seen.
Results
Persistence of strand breaks in UVB-irradiated mononuclear cells
We have found previously that 1 h after a low fluence of UVB irradiation a substantial number of incision breaks are observed in the mononuclear cell fraction (Arlett et al, 1993) and that these breaks are repaired on further incubation. Figure 1A shows that 1 h after a UVB fluence as low as 5 J/m 2 (equivalent to <0.2 J/m 2 UVC) there is an increase in the proportion of cells exhibiting substantial levels of DNA strand breakage. Following higher fluences of UVB these heavily damaged cells appear to persist indefinitely. Figure IB shows that 24 h after 200 J/m 2 UVB irradiation the majority of the cells contain persistent breaks, whereas after 5 J/m 2 repair is complete. Cells were arbitrarily classified as heavily damaged (e.g. Figure  2A ) or undamaged (e.g. Figure 2B ). The effect of increasing dose was to increase the proportion of heavily damaged cells, rather than to increase the level of persistent damage in individual cells. These results suggest that following 200 J/m 2 FS20 UVB irradiation (equivalent to ~7 J/m 2 UVC) the DNA of unstimulated mononuclear cells is likely to show extensive and irreparable damage, but that 24 h following 5 J/m 2 UVB irradiation the DNA appears intact. We therefore examined the ability of cells to remove CPDs at this lower dose Effect of deoxyribonucleosides on excision repair Unstimulated mononuclear cells were sham exposed or treated with 5 J/m 2 UVB irradiation and incubated in the presence or absence of deoxyribonucleosides (10 uM). To maintain this level fresh deoxyribonucleosides were added each day. At intervals the Comet assay was performed with or without T4 endonuclease V. Results are presented in Figure 3 . It can be seen that there is little removal of CPDs even over a 72 h period ( Figure 3A) and that deoxyribonucleosides do not enhance removal ( Figure 3B ). Extensive removal of CPDs from quiescent fibroblasts was observed over the same experimental period ( Figure 3C ). Persistence of repair capacity A possible explanation for the poor removal of CPDs was that the repair capacity of the cells had diminished following the initial irradiation. To test this we treated with a second fluence of 20 J/m 2 24 h after the initial fluence, incubated the cells for a further 1 h and performed a standard Comet assay. From Figure 4 it can be seen that extensive excision occurred following the second exposure. We also considered whether the reason for the absence of strand breaks 24 h after 5 J/m 2 irradiation was that an equilibrium had been established between incision and rejoining. We therefore added cytosine arabinoside (100 |iM) and hydroxyurea (10 mM) 24 h after irradiation and incubated for a further 1 h, but we could observe no evidence of formation of new strand breaks associated with repair of the UV damage from the treatment 24 h earlier (data not shown). However, a small effect could conceivably have been masked by variation in the effect of the inhibitors on the unirradiated controls.
Discussion
The exceptional sensitivity of human T lymphocytes to UVB cell killing appears to relate to their low deoxynbonucleotide pools and can be alleviated by addition of deoxyribonucleosides to the post-irradiation medium (Yew and Johnson, 1979; Green et al., 1994) . We undertook the present experiments because we suspected that the defective removal of CPDs in these cells might be a knock-on effect of their low deoxynbonucleotide pool sizes. We thought that effective removal of CPDs might occur at low doses of UVB, as found with UVC and rodent cells (Klaude et al., 1995) , and that failure to rejoin strand breaks might be causing a feedback inhibition of CPD removal.
It appears that is not the case and that the relatively poor removal of dimers must have another explanation. The fact that incision breaks can be seen following a second dose of UVB suggests that enzyme activity capable of removing 6-4 photoproduct is present, but that this activity is not capable of efficient global repair of CPDs.
Although low deoxyribonucleotide pools do not appear to be involved in the defect in CPD removal in unstimulated T lymphocytes, they may play a role in immunosuppression following exposure to UVB and selective inactivation of T lymphocytes to prevent graft versus host disease (Hudson et al., 1995) . Although UVB-irradiated mononuclear cells show persistent, non-repairable strand breakage, this appears to be the result of incomplete repair and not apoptosis under the conditions of these experiments. Although the strand breaks are detected by the Comet assay, they are not detected by Apoptag (Appligene-Oncor, Chester-le-Street, UK) under conditions where UVB-induced apoptosis is readily seen in HL60 cells (data not shown). Moreover, the characteristic changes in cell morphology associated with apoptosis are not observed. Under other conditions mononuclear cells have been shown to undergo apoptosis and this is a critical process in the prevention of autoimmunity (van Parijs and Abbas, 1996) . UVB irradiation of unstimulated mononuclear cells instead leads to formation of persistent cells incapable of proliferation and such cells may play a distinctive role in immune responses. The present results, however, show that low deoxyribonucleotide pools are not responsible for all of the altered DNA damage responses of unstimulated mononuclear cells.
